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Reduced and Oxidised Silica-supported Copper Catalysts 
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Kenneth C. Waugh 
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Infrared spectra are reported of methyl formate and formaldehyde adsorbed at 300 K on silica, Cu/SiO, reduced 
in hydrogen and Cu/SiO, which had been oxidised by exposure to nitrous oxide after reduction. Silanol groups 
on silica form hydrogen bonds with carbonyl groups in weakly adsorbed methyl formate molecules. Methyl 
formate ligates via its carbonyl groups to Cu atoms in the surface of reduced copper. A low residual concentra- 
tion of surface oxygen on copper promoted the slow reaction of ligated methyl formate to give a bridging 
formate species on copper and adsorbed methoxy groups. Methyl formate did not ligate to an oxidised copper 
surface but was rapidly chemisorbed to give unidentate formate and methoxy species. Formaldehyde slowly 
polymerises on silica to form trioxane and other oxymethylene species. The reaction is faster over Cu/SiO, 
which, in the reduced state, also catalyses the formation of bridging formate anions adsorbed on copper. The 
reaction between formaldehyde and oxidised Cu/SiO, leads to both unidentate and bidentate formate and 
adsorbed water. 
Despite many years of research there still remain consider- 
able doubts as to the exact mechanism by which methanol is 
synthesised over copper-based catalysts. '-' A common 
feature to several studies is the presence of methyl formate in 
the product stream, especially over alkali-metal-promoted 
systems. This has stimulated numerous investigators to 
examine the behaviour of methyl formate over copper cata- 
l y s t ~ . ~ ~ ~  It is known that methanol can be produced directly 
by the hydrogenolysis of methyl formate.' Trimm and co- 
workers have studied both the hydrogenolysis of methyl 
formate'-' ' and the dehydrogenation of m e t h a n ~ l ' ~ . ' ~  over
copper chromite and Cu/SiO, catalysts and hence proposed 
that a surface hemiacetal species of the type CH,OCH,OH 
was pivotal to these processes. Miyazaki and Yasumori' 
also reported the formation of methyl formate via the dimer- 
isation of formaldehyde (the Tischenko reaction) over a 
copper-wire catalyst. In relation to this process it is also of 
relevance to investigate the adsorption of formaldehyde on 
copper-based catalysts. 
Previous studies have shown that the adsorption and reac- 
tions of methyl formate and formaldehyde over copper cata- 
lysts are complex. Despite infrared spectroscopy being a 
proven method for elucidating the structures of adsorbed 
species on catalyst surfaces, a detailed infrared investigation 
of the adsorption of methyl formate and formaldehyde on a 
copper catalyst has not been reported. The present paper 
reports an infrared study of methyl formate and formalde- 
hyde adsorption on reduced and surface-oxidised copper 
catalysts supported on silica and prepared from copper(I1) 
acetate monohydrate precursor. 
Experimental 
A more detailed synopsis of the catalyst preparation has been 
presented elsewhere. l 6  Briefly, an aqueous solution of 
copper(r1) acetate monohydrate (BDH AnalaR grade) was 
used to impregnate silica (Cab-0-SiL M5, 200 m2 g- ') which 
was subsequently dried in air at 383 K for 5 h. Following 
pressing into a self-supporting disc, the catalyst was calcined 
in oxygen (50 cm' min- ') at 623 K for 1 h, and then reduced 
at 623 K in hydrogen for 18 h. Finally, the reduced catalyst, 
which contained 5 wt.% copper on silica, was evacuated at 
623 K for 1 h. 
In some experiments the catalyst was reoxidised to attain a 
surface Cu,O species by contact with ca. 13 kPa of N,O 
(BDH, 99.6%) at 348 K for 15 min, with subsequent evacu- 
ation at 348 K for 5 min. Methyl formate (Aldrich, 99%) was 
purified by a series of freeze-thaw cycles under vacuum to 
remove dissolved gasses. Formaldehyde was prepared by 
heating paraformaldehyde (Aldrich, 95%) at 353 K. 
Background studies were performed using silica discs 
which had been subjected to the same calcination and 
reduction treatments as the copper-containing catalyst. 
Results and Discussion 
Absorption of Methyl Formate on Reduced Catalyst 
Fig. 1 displays the spectra obtained upon dosing methyl 
formate at increasing pressures on a reduced catalyst 
(Cu/SiO,) at 300 K. In the CH-stretching region bands were 
observed at 3045, 3017, 2964, 2951, 2936, 2898 (sh), 2853 and 
2828 (sh) cm-'. An assignment of these bands is facilitated by 
examination of spectra recorded during methyl formate 
desorption at 300 K (Fig. 2). Upon evacuation, species 
responsible for the bands at 3045, 3017, 2964, 2951 and 2898 
were desorbed, whereas peaks at 2936, 2914 (vw), 2856 and 
2823 cm remained in the spectra. Inspection of the spectra 
obtained when methyl formate was adsorbed on SiO, alone 
(Fig. 3) allows the bands at 3045, 3017, 2964 and 2951 cm-' 
to be assigned to methyl formate physisorbed on SiO,. A 
previous study of the adsorption of formic acid on a Cu/SiO, 
catalyst17 gave infrared bands at 2937 and 2857 cm-' which 
were assigned to a combination band and a CH-stretching 
vibration of bidentate formate anions(1) on copper. The 
maxima at 2936 and 2856 cm-' resulting from the adsorp- 
tion of methyl formate on Cu/SiO, can therefore be similarly 
ascribed to surface structure I. 
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Fig. 1 Spectra of reduced Cu/SiO, exposed (aHg) to increasing pressures of methyl formate up to (9) 299 Pa 
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Fig. 2 Spectra of methyl formate adsorbed on reduced Cu/SiO, at 300 K and (a)  333 Pa pressure, and subsequent evacuation at 300 K for (b)  
30 s, (c)  2 min, (6) 5 min and (e) 10 min 
The peaks at 2914 and 2823 cm-' are similar to those 
which resulted when a Cu/SiO, catalyst was exposed to 
methanol to 300 K," where bands at 2926 and 2815 cm-' 
were ascribed to the asymmetric and symmetric CH- 
stretching vibrations of a methoxy species I1 on copper. 
6-, / H3 
I 
I 
:us+ 
I 1  
In the 1800-1600 cm- ' region of the spectra (Fig. 1) as the 
methyl formate dosage was increased, bands at 1765, 1753 
and 1718 cm-' steadily grew in intensity, whereas a peak at 
1664 cm-' gradually attained a maximum absorbance and 
then decreased in intensity as dosage of methyl formate was 
increased. 
The spectra during subsequent evacuation (Fig. 2) suggest 
that the bands at 1765 and 1753 cm-' which rapidly disap- 
peared were due to gaseous methyl formate. Monti et al." 
reported similar bands at 1769 and 1755 cm-' due to the 
C=O stretching vibration of gas-phase methyl formate. The 
bands at 1718 and 1664 cm-' diminished at a considerably 
slower rate, the species giving the band at 1664 cm-' being 
the more resistant to desorption. When methyl formate was 
adsorbed on silica alone (Fig. 3), apart from the gas-phase 
bands at 1765 and 1753 cm-', the only other peak appeared 
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Fig. 3 Spectra of reduced silica alone exposed at 300 K to methyl formate at (a)-+) increasing pressures up to (e) 466 Pa 
at 1718 cm-' and therefore this band can be ascribed to the 
C-0 stretching vibration of methyl formate physisorbed on 
SiO,. Additionally, the infrared band due to surface silanol 
groups on the silica support was strongly perturbed upon 
addition of methyl formate confirming' ' the formation of 
hydrogen bonds between SiOH groups and weakly adsorbed 
methyl formate. The band at 1664 cm-' is due to a species 
adsorbed on ~opper ." . '~  Since no equivalent peak was 
detected for methyl formate adsorption on SiO, alone. The 
band is ascribed to methyl formate molecules ligated to the 
copper surface in accordance with structure 111. 
H 
I 
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The increasing and then decreasing intensity dependence of 
the 1664 cm-' band with increasing exposure to methyl 
formate implies that the methyl formate initially ligates to the 
copper surface and then undergoes subsequent reaction to a 
further product of adsorption. Further evidence for this 
behaviour is demonstrated by comparison of the spectra after 
immediate addition of 333 Pa of methyl formate to a freshly 
reduced catalyst [Fig. 2(a)3 and after the addition of a suc- 
cession of small aliquots of methyl formate [Fig. l(g)]. The 
band at 1664 cm-' was much more intense after rapid addi- 
tion of the high pressure of methyl formate suggesting that, 
whereas the ligation of methyl formate to Cu was rapid, the 
subsequent surface chemisorption reaction was a slower acti- 
vated process. 
For methyl formate on Cu/SiO, the most intense 
maximum in the 1600-1300 cm-' region was at 1358 cm-', 
with a side band at 1382 cm-' and a broad shoulder at ca. 
1330-1345 cm-' (Fig. 1). Two bands developed at 1456 and 
1438 cm- ', together with a conglomerate of bands centred at 
1556 cm-'. The bands at 1382, 1438 and 1456 cm-' were 
due to methyl formate weakly adsorbed on the silica support 
(Fig. 3). After evacuation (Fig. 2) residual peaks remained at 
1354 and 1552 cm-', which corresponded to bands at 1358 
and ca. 1550 cm-' for formic acid adsorbed on Cu/Si0,,'7 
and are ascribed to the vs, coo and vas, coo vibrations of biden- 
tate formate on copper. The results confirm that the methyl 
formate physisorbed on copper was slowly decomposing 
since, as the evacuation period was extended, the bands due 
to adsorbed formate became more intense. 
Adsorption of Methyl Formate on Re-oxidised Catalyst 
Nitrous oxide treatment was utilised to obtain a catalyst in 
which the copper surface was wholly oxidised to an exposed 
stoichiometry equivalent to copper(1) oxide. Fig. 4 shows the 
spectra for the adsorption of methyl formate on the oxidised 
catalyst. In the CH-stretching region bands at 3042, 3017, 
2964 and 2949 cm-' are assigned to methyl formate physi- 
sorbed on SiO,. Also present are peaks at 2931 (sh), 2897, 
2849 and 2821 cm-', whose assignments are facilitated by 
inspection of the relevant desorption spectra (Fig. 5). Evacu- 
ation at 300 K revealed a new band at 2969 cm- ', and peaks 
at 2929, 2894 and 2821 cm-'. As for methyl formate adsorp- 
tion on reduced Cu/SiO, , the bands at 2929 and 2821 cm- 
are ascribed to a methoxy species on copper. Analogous 
peaks to those at 2969 and 2894 cm-' were observed at 2978 
and 2904 cm- ' after exposure of oxidised Cu/SiO, to formic 
acid and are assigned to a combination band and a CH- 
stretching vibration of a unidentate formate IV on copper. 
0 
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The 1600-1800 cm-' spectral region contained a 
maximum at 1718 cm-' due to methyl formate adsorbed on 
SiO,, in addition to the gas-phase methyl formate bands at 
1766 and 1754 cm-'. No evidence for the band at 1664 
cm-', assigned here to methyl formate ligated to reduced 
copper, was found. 
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Fig. 4 Spectra of oxidised Cu/SiO, exposed at 300 K to ( a m  increasing pressures of methyl formate up to (fl 532 Pa 
For the adsorption of methyl formate on oxidised 
Cu/SiO,, the most intense band in the 1600-1300 cm-' 
region was at 1573 cm-' with a barely discernible shoulder 
at 1554 cm-'. Peaks were present at 1456, 1438, 1383 (sh), 
1368 and 1353 (sh) cm-'. On evacuation at 300 K (Fig. 5) the 
bands at 1456, 1438 and 1383 cm-' disappeared as expected 
for their assignment to methyl formate physisorbed on SiO, . 
The maxima at 1573 and 1367 cm-' increased in intensity 
upon evacuation, and the shoulder at 1353 cm-' became 
more pronounced. The band at  1367 cm-' and the shoulder 
at 1554 cm- ' can be assigned to the vs, coo and vas, coo vibra- 
tions of a bidentate formate on copper. Comparison of the 
peak at 1573 cm-' with the corresponding band at 1583 
- 0 0 2 1  1 I 
3100 3003 2 9 0 0  2 800 
cm- ', obtained when formic acid was adsorbed on oxidised 
Cu/SiO,," suggests that the band was due to the C - 0  
stretching vibration of a unidentate formate. The shoulder at 
1354 cm-' is therefore assigned to the corresponding C-0  
stretching vibration of a unidentate formate. 
It can be concluded that on copper that has been pre- 
oxidised using nitrous oxide decomposition, the mode of 
methyl formate adsorption is slightly different from that on 
'clean' copper. On the reduced copper surface, ligated methyl 
formate molecules (111) are attacked by nucleophilic surface 
oxygen ions (present at a small residual coverage after the 
reduction process) at the formyl carbon to produce chemi- 
sorbed methoxy (11) and bidentate formate (I) species. There 
7-- 033,-1 -__-- 
1800 1700 1600 1600 1500 1400 1300 
0 50 
wavenumber/cm-' 
Fig. 5 
30 s, (c )  2 min, (d) 4 min, (e) 7 min and (f) 10 min 
Spectra of methyl formate adsorbed on oxidised Cu/SiO, at 300 K and (a)  532 Pa pressure and subsequent evacuation at 300 K for (b) 
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2789 
exists evidence from studies using EELS'9 that methyl 
formate is relatively unreactive with a clean copper surface. 
H 
111 I I 1  
Alternatively, on the oxidised copper surface, since there is 
no free copper metal for the methyl formate to ligate to ini- 
tially, the carbonyl bond is not weakened. As a consequence, 
bidentate formate formation is not favoured when methyl 
formate is attacked by a surface oxygen. Instead, a unidentate 
formate (IV) is preferentially formed, in addition to a 
methoxy species on an adjacent Cu+ site. 
0 
II 
I V  
8-o / C H 3  
1 
I 
' 6+ c u  
A summary of the positions of the main band assignments 
for silica and reduced Cu/SiO, is given in Table 1. 
Adsorption of Formaldehyde on Silica 
Fig. 6 displays the spectra obtained from a time-dependence 
study of formaldehyde adsorption on silica at 295 K. A band 
initially present at 1502 cm-' is due to the CH,-bending 
I 
i f )  
0 2 2 1  
O 24, 
0 OS! 
Table 1 Summary of main infrared band assignments for methyl 
formate adsorbed on reduced and oxidised Cu/SiO, and on SiO, 
alone" 
reduced oxidised 
SiO, Cu/SiO, Cu/SiO, 
3044 
3017 
2964 
2952 
2900 
2850 
1718 
1457 
1438 
1383 
1765 
1753 
3045 3042 
3017 3017 
2964 2964 
295 1 2949 
2898 
2849 
1718 1718 
1456 1456 
1438 1438 
1382 1383 
1765 1765 
1753 1753 
1664 
2936 
2856 
1552 1554 
1354 1367 
2969 
2894 
1573 
1354 
2914 2929 
2823 2821 
b 
b physisorbed HCOOCH , on SiO, 
gas-phase HCOOCH, 
ligated HCOOCH, on Cu (111) 
bidentate formate on Cu (I) 
unidentate formate on Cu (IV) 
methoxy on Cu (11) 
Band positions in cm-'. Band obscured by overlapping bands. 
mode of formaldehyde.20 This peak gradually decreased in 
intensity with exposure time and the concomitant growth of 
bands at 1483, 1426 and 1392 cm-' occurred. Both trioxane 
and polyoxymethylene give similar peaks due to 
CH,-bending vibrations., 1,22 Ma xima at 1727, 1746 and 
1770 cm- ' diminished in intensity with time. The infrared 
spectrum of gaseous formaldehyde contains a band centred at 
1746 cm- ' ascribed to a carbonyl-stretching mode of formal- 
dehyde.,' Therefore, we can assign the sharp peak at 1746 
cm-' and the broad band at 1770 cm-' to Q and R 
branches, respectively, of formaldehyde gas. The presence of 
the intense band at 1727 cm-' obscured the corresponding P 
branch for this species. The band at 1727 cm- ' is ascribed to 
-0.021 I I I 
3100 3000 2900 2800 
waven urn ber/cm - ' 
Fig. 6 Spectra of silica at 295 K in the presence of formaldehyde (670 Pa) for (a) ca. 30 s, (b) 2, (c) 8, (6) 14, (e) 32 and (f) 52 min 
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Fig. 7 Spectra of reduced Cu/SiO, at 295 K in the presence of formaldehyde (333 Pa) for (a) ca. 30 s, (b) ca. 105 s, (c) 3 min and (d) 30 min 
the carbonyl-stretching vibration of formaldehyde molecules 
physisorbed on silica. The present result compares with that 
for acetic acid adsorption on silica for which the vc=o fre- 
quency for the physisorbed molecule was ca. 20-30 cm-' 
lower than for the vapour-phase species.23 
The reduction in intensity of the band at 1727 cm-' with 
increasing contact time suggests that formaldehyde was poly- 
merising to form a combination of trioxane and other oxy- 
methylene species, which do not contain carbonyl groups. In 
agreement with this conclusion, the CH-stretching region 
clearly shows the growth of two broad maxima at 2983 and 
2916 cm- ' which are characteristic of polyoxymethylene and 
trioxane.2'.22 Additionally, an envelope of bands at ca. 2820 
cm-' was reduced in intensity in accordance with their 
assignment to CH,-stretching vibrations of formaldehyde 
physisorbed on silica. Bands, normally at 2843 and 2783 
cm- ', due to the corresponding gas-phase vibrations2' were 
too weak to be detected. Evacuation at 295 K resulted in 
complete desorption of all the species formed on silica by the 
adsorption of formaldehyde. 
Adsorption of Formaldehyde on Reduced and Re-oxidised 
Catalysts 
Fig. 7 shows spectra obtained from a time-dependence study 
of formaldehyde adsorption on a reduced catalyst (Cu/SiO,) 
at 295 K. The rate of polymerisation of formaldehyde was 
enhanced significantly on the copper-containing catalyst. The 
bands at 2982, 2917, 1481, 1428 and 1392 cm-' attributable 
to trioxane and polyoxymethylene were more intense, for a 
given exposure time, than for the silica sample (Fig. 6). In 
accordance with this observation, peaks at 1770, 1746, 1727 
and 1501 cm-' due to formaldehyde molecules were all of 
lower intensity after a given time than for formaldehyde on 
silica alone. 
An important new feature for reduced Cu/SiO, as opposed 
to silica alone was a peak at 1353 cm-' and an envelope of 
bands centred at 1555 cm- '. Previous studies involving the 
adsorption of formic acid on copper-containing catalysts,' 
allow the assignment of these bands to a bidentate formate 
species on copper. 
Although considerable amounts of oxymethylene species 
were on the catalyst surface at 295 K, under the normal 
methanol synthesis operating temperature of ca. 513 K only 
molecular formaldehyde is expected to be present. Evidence 
for this conclusion is given in Fig. 8(b) where, upon heat 
treatment at 403 K, substantial regeneration of formaldehyde 
bands at 1770, 1746, 1727 and 1501 cm-' occurred. Several 
authors have arrived at similar conclusions from observa- 
tions of formaldehyde interactions on copper single-crystal 
surfaces.' 
Evacuation at 295 K [Fig. 8(c) and (43 removed gaseous 
formaldehyde (peaks at 1770 and 1746 cm-') followed by the 
slower removal of bands at 2982, 2917, 1481, 1428 and 1392 
cm-' due to oxymethylene species. Bands which were 
obscured by the presence of broad bands at 2982 and 2817 
cm-', were now clearly resolvable at 2938 and 2857 cm-' 
[Fig. 8(d)]. These are characteristic of a bidentate formate 
species on copper.17 Additionally, the intensity of bands at 
1555 and 1353 cm-' assigned to bidentate formate increased 
during the evacuation period. 
The decomposition of nitrous oxide at 348 K was utilised 
to obtain a catalyst which was completely oxidised to a 
surface Cu,O species. Fig. 9 displays spectra gained from a 
time-dependence study of formaldehyde adsorption on the re- 
oxidised catalyst. Bands attributed to polymerised formal- 
dehyde at 2986, 2919, 1484, 1427 and 1395 cm-' were 
comparatively weak with respect to those for the reduced 
catalyst but were stronger than those for silica alone. Also a 
new peak was present at 1630 cm-' which is indicative of 
molecular water.24 The structure of bands ascribed to 
formate species on copper has radically changed in relation 
to those for the reduced catalyst. Fig. 9(a) distinctly shows a 
peak at 1573 cm- ', containing a low-wavenumber tail, which 
is characteristic of a unidentate formate.17 As the time of 
exposure was increased the band at 1573 cm-' shifted to 
1562 cm-'. Correspondingly, the peak at 1358 cm-' assign- 
ed to a v,,coo vibration of bidentate formate became more 
intense. Furthermore, the vas, coo vibration of bidentate 
formate on oxidised Cu/SiO, has been shown to be at 1558 
moved to 1562 cm-'. Overall, it can be deduced that the 
cm-' , 1 7  thus explaining why the band initially at 1573 cm-' 
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Fig. 8 Spectra of reduced Cu/SiO, at 295 K after (a) exposure to formaldehyde (333 Pa, 295 K, 30 min), (b) further exposure at 403 K (5 min) 
and (c), (d) evacuation for 1.5 and 8 min, respectively, at 295 K 
production of formate species was considerably more favour- 
able on an oxidised surface than on the comparable reduced 
catalyst. During the exposure period the production of 
molecular water continually increased, as evidenced by the 
growth of the band at 1630 cm-'. This implies that gradual 
reduction of the copper surface occurred. 
The desorption of formaldehyde from oxidised Cu/SiO, 
gave spectra (Fig. 10) which revealed bands at 2972 (sh), 2938 
and 2859 cm-' in the CH-stretching region. A peak, detected 
at 2972 cm-' when formic acid was admitted to an oxidised 
copper catalyst, has been ascribed to a combination band of 
unidentate forrnate.I7 In addition, the bands at 2938 and 
2859 cm- attributed to bidentate formate were of greater 
3100 3000 2900 2800 
intensity than the corresponding bands for reduced catalyst 
(Fig. 8). 
The faster rate of oxymethylene-group formation for the 
copper-containing catalyst suggests that formaldehyde must 
ligate to the copper surface, thus weakening the carbonyl 
bond. This is analogous to the results for the adsorption of 
formic acid17 and methyl formate on copper catalysts. 
Bowker and Madix" reported similar observations as a con- 
sequence of XPS and UPS studies of formaldehyde absorp- 
tion on Cu( 110). 
The formation of bidentate formate on the reduced catalyst 
suggests that adsorbed formaldehyde had reacted with 
residual oxygen on the catalyst. Wachs and MadixZ6 have 
I I 
1900 1800 1700 11 
wavenumber/cm -' 
0.35 
O.2E 
0.21 
0.lf 
0.0; 
0 
10 I f  
I I 
10 I500 I400 I 00 
Fig. 9 Spectra of oxidised Cu/SiO, at 295 K in the presence of formaldehyde (333 Pa) for (a) ca. 30 s, (b) 1.5, (c) 8 and (d) 38 min 
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Fig. 10 Spectra of oxidised Cu/SiO, after (a) exposure to formaldehyde (333 Pa, 295 K, 8 min), and subsequent evacuation (295 K) for (b) 0.5 
(c )  2 and (6) 10 min 
also noted the rapid oxidation of formaldehyde on copper 
(1 10) and suggested that this proceeded via a dioxymethylene 
intermediate. Furthermore, they demonstrated that elevation 
of the surface oxygen concentration resulted in a clear pro- 
moting effect upon formate formation. This view is supported 
by the observation, in this study, that the quantity of formate 
species was enhanced on the surface-oxidised catalyst. 
One point suggested in this investigation is that the oxida- 
tion of formaldehyde leads initially to a unidentate formate. 
However, the presence of some reduced copper on the cata- 
lyst surface was necessary for unidentate formate tb rearrange 
rapidly to a bidentate orientation. Similar conclusions were 
derived from the spectra obtained as a result of methanol 
decomposition on copper catalysts.’ 
The present results would be consistent with the following 
mechanisms for the interaction of formaldehyde with copper 
cat a1 ys ts. 
The surface reaction (1) generates trioxane or other oxy- 
methylene species over Cuo sites in reduced Cu/Si02 cata- 
lysts. A similar but much reduced promotional effect of 
copper occurred for the Cu/SiO, catalvst which had been 
Z H C H O  + 2Cu 
H 
I 0*- 
:u0 cu+ cu+ 
H 
I 
I 
I 
I 
I 
c u+ cu+ c u  
H 
I 
preoxidised with nitrous oxide. Reaction (2) shows the stoi- 
chiometry of adsorption on oxidised Cu/SiO, of two formal- 
dehyde molecules which give two unidentate formate anions 
I &  
each ligated ta a Cu’ surface site. The overall interaction 
(6Cu+ + 3 0 2 - )  and results in the concomitant generation of a 
anions in accordance with the result for reduced Cu/Si02 for 
I I which bridging formate was the dominant product. Conver- 
involves the equivalent of three exposed C u 2 0  species 
water molecule and reduction of four Cu’ sites to Cuo. The 
latter are then available for reaction to give bridging formate 
I I 
c u  c u  sion of formaldehyde to formate on reduced Cu/SiO, 
required a low concentration of residual surface oxygen.25 A 
H 
I 
H 
I 
dC \ \ 
I I 
A P I d  
plausible mechanism is shown in reaction (3). 
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